Adrift upon a salinity-stratified sea : a view of upper-ocean processes in the Bay of Bengal during the southwest monsoon by Lucas, Andrew J. et al.
CITATION
Lucas, A.J., J.D. Nash, R. Pinkel, J.A. MacKinnon, A. Tandon, A. Mahadevan, 
M.M. Omand, M. Freilich, D. Sengupta, M. Ravichandran, and A. Le Boyer. 2016. 
Adrift upon a salinity-stratified sea: A view of upper-ocean processes in the 
Bay of Bengal during the southwest monsoon. Oceanography 29(2):134–145, 
http://dx.doi.org/10.5670/oceanog.2016.46.
DOI
http://dx.doi.org/10.5670/oceanog.2016.46
COPYRIGHT
This article has been published in Oceanography, Volume 29, Number 2, a quarterly 
journal of The Oceanography Society. Copyright 2016 by The Oceanography Society. 
All rights reserved. 
USAGE
Permission is granted to copy this article for use in teaching and research. 
Republication, systematic reproduction, or collective redistribution of any portion of 
this article by photocopy machine, reposting, or other means is permitted only with the 
approval of The Oceanography Society. Send all correspondence to: info@tos.org or 
The Oceanography Society, PO Box 1931, Rockville, MD 20849-1931, USA.
OceanographyTHE OFFICIAL MAGAZINE OF THE OCEANOGRAPHY SOCIETY
DOWNLOADED FROM HTTP://TOS.ORG/OCEANOGRAPHY
Oceanography |  Vol.29, No.2134
BAY OF BENGAL: FROM MONSOONS TO MIXING
Preparing a wave-powered Wirewalker profiler for 
a 13.5-day deployment from R/V Roger Revelle 
during the 2015 ASIRI-OMM southwest mon-
soon experiment in the northern Bay of Bengal. 
Photo credit: San Nguyen
By Andrew J. Lucas, Jonathan D. Nash, 
Robert Pinkel, Jennifer A. MacKinnon, 
Amit Tandon, Amala Mahadevan, 
Melissa M. Omand, Mara Freilich, 
Debasis Sengupta, M. Ravichandran, 
and Arnaud Le Boyer
A View of Upper-
Ocean Processes in the 
Bay of Bengal During the 
Southwest Monsoon
Adrift Upon a Salinity-Stratified Sea
Oceanography  |  June 2016 135
in the region: mixed layer depths vary in 
time, and, more problematically for fore-
cast models, over a broad range of spatial 
scales, from basin scale to sub-kilometer 
(and subgrid-scale) distances (Chowdary 
et al., 2016). A significant fraction of the 
spatial and temporal variability of mixed 
layer properties appears to be due to 
the horizontal advection of lateral near- 
surface variability, and is thus not amena-
ble to forecasting by one- dimensional 
models of ocean-atmosphere cou-
pling (Akhil et  al., 2014; Benshila et  al., 
2014; Pant et al., 2015). 
While large-scale ocean processes 
(e.g., 100 km scales and larger) are useful 
for assessing the atmospheric response 
to upper-ocean heat content in a laterally 
averaged sense (Shankar et al., 2007), pro-
cesses that shape the character of upper-
ocean stratification can occur on much 
smaller scales and influence smaller- 
scale air-sea exchanges (Friehe et  al., 
1991). This is particularly true in the BoB, 
where the volume of freshwater input per 
year, if spread over the entire 2.2 mil-
lion square-kilometer surface area of the 
basin, would raise its level by two meters 
(Bhat, 2001; Sengupta and Ravichandran, 
2001; Vinayachandran et  al., 2002; 
Gopalakrishna et  al., 2002; Papa et  al., 
2010). This freshwater flux, roughly 
equally split between river input and rain, 
is deposited unevenly in space and time. 
Although some of the exchange between 
relatively fresh and salty waters occurs in 
the seasonally reversing boundary cur-
rents (Jensen et  al., and Lee et  al., 2016, 
both in this issue), an important frac-
tion occurs in the interior, where ener-
getic mesoscale circulation and prevail-
ing winds combine to redistribute these 
lateral gradients, in some cases sharpen-
ing them into ever-finer lateral gradients 
(Mahadevan et  al., 2016, in this issue). 
Vertical circulations associated with these 
sharp submesoscale fronts can ultimately 
lead to irreversible exchange between fresh 
and oceanic waters, destroying small-scale 
lateral variability, and setting the average- 
upper ocean properties of the basin.
INTRODUCTION
The motivation for the US Air-Sea 
Interactions Regional Initiative (ASIRI) 
and India’s Ocean Mixing and Monsoon 
(OMM) program lies in the lack of skill 
of numerical models to reproduce sea 
surface temperatures (SST) in the Bay 
of Bengal (BoB; Goswami et al., 2016, in 
this issue). Realistic SST is important for 
accurate representation of air-sea cou-
pling and for forecasting intraseasonal 
monsoon fluctuations (Sengupta and 
Ravichandran, 2001; Joseph et  al., 2005; 
Shankar et  al., 2007; Chowdary et  al., 
2016). Much of the difficulty arises from 
the complex near-surface stratification 
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system capable of measuring the structure and variability of the upper 100 m of the 
BoB. The evolution of upper-ocean structure along the trajectory of the instrument’s 
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variability in the surface mixed layer depth. Further, these observations suggest that the 
particular “barrier-layer” stratification found in the BoB may decrease the influence of 
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 “Co-located time series of temperature, salinity, velocity, optical properties, and turbulent microstructure measurements collected on board 
a drifting wave-powered profiler elucidated the 
patterns of upper-ocean variability and vertical heat 
and salt fluxes in the Bay of Bengal.
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The Barrier Layer and 
the Bay of Bengal 
A particularly important component of 
the upper-ocean structure in the BoB 
is the multi-layer stratification found 
during much of the year. This stratifi-
cation is composed of a shallow halo-
cline (typically found at 10–30 m depth) 
and a permanent thermocline, typically 
beginning at around 50 m depth and 
centered at ~100 m depth. The range of 
depths between the halocline and the 
thermocline is referred to as the “barrier 
layer,” invoking the relative isolation of 
the waters at the thermocline and below 
from those processes that drive variability 
in the upper portion of the water column. 
As the existence of the barrier layer 
depends on salinity stratification, and 
vertical salinity stratification in the BoB 
depends on the redistribution of lateral 
gradients in sea-surface salinity, it fol-
lows that ventilation of the interior, its 
biogeochemical characteristics, and its 
residual circulation all depend on the 
physical mechanisms that control the lat-
eral redistribution of salinity in the sur-
face ocean. These processes are most 
active during the periods of largest pre-
cipitation and river runoff, that is, during 
the southwest monsoon. 
Thus, development of working knowl-
edge of the complex mosaic of ocean 
variability in time and space during the 
southwest monsoon, and in particular the 
processes that control stratification and 
Deep chlorophyll maxima (DCMs), typically centered within the 
pycnocline, are found throughout the world ocean. First recognized 
as coherent features following the development of optical tech-
niques for measuring chlorophyll fluorescence in situ, the advent of 
autonomous vehicles such as gliders and floats demonstrated their 
persistence and ubiquity. Our present understanding of DCMs impli-
cates the organisms that form them as important players in ocean 
biogeochemical transformations and carbon cycling (e.g.,  Cullen, 
2015). Although recognized as widespread and important, little 
is known regarding their in situ variability on small spatiotemporal 
scales. Observations gathered by sensors on the Wirewalker (WW) 
during the 2015 ASIRI program elucidate the exquisite small-scale 
vertical structure of chlorophyll found at depth (Figure 2c) and allow 
for comments regarding time variability within the BoB DCM.
Figure B1A shows the surface shortwave radiation recorded at a 
nearby mooring (Weller et  al., 2016, in this issue), and Figure  B1B 
shows the on-isopycnal chlorophyll concentration at the DCM 
(specifically across the 21.0 σt to 22.8 σt density range) over the first 
3.5 days of the WW drift. The main DCM was centered at approxi-
mately 50 m depth, which coincided with the top of the permanent 
thermocline, just below the barrier layer, and the oxycline (Figure 2c, 
oxygen not shown). The depth of the primary DCM varied in time, 
primarily due to twice-daily oscillations of ~15 m in the depth of the 
pycnocline associated with the internal tide (Figure 2c). The intensity 
of the DCM varied on a diel (24 h) cycle, with maximum values found 
in the late afternoon (Figure B1B and Figure 2c). 
Critically, our co-located measurements of temperature and salinity 
allowed mapping of chlorophyll to density surfaces rather than depth, 
which allowed separation of time variability in the DCM from variabil-
ity associated with the heaving of internal waves. 
Figure B1C shows a canonical 24 h time series of normalized sur-
face shortwave radiation (the canonical maximum shortwave radia-
tion over the period was 800 W m–2), DCM time variability (calculated 
as the median chlorophyll fluorescence value across the 21.0–22.8 σt 
density range), a harmonic fit to that time series (using only daily 
and twice-daily coefficients), and the derivative of the harmonic 
fit (a measure of the instantaneous rate of change of chlorophyll 
fluorescence in the DCM). Nearly all of the variability in the canonical 
24  h time series was well represented by this simple harmonic fit. 
The maximum of the rate of change in chlorophyll a fluorescence 
was coincident with the maximum in solar radiation, and resulted in 
accumulation of chlorophyll a in the early afternoon (roughly three 
hours after the peak shortwave radiation). The range of fluorescence 
variability was approximately 25% of the mean (Chlmean = 1.3 μg L
–1, 
ΔcanonChl = 0.31 μg L
–1). 
We can make use of the canonical chlorophyll fluorescence 
time series as a crude metric of primary productivity (i.e.,  the rate 
of carbon fixation in the DCM). In doing so, we assume: (1) a linear 
relationship between chlorophyll fluorescence and chlorophyll 
concentration, and (2) a constant cellular carbon to chlorophyll con-
centration ratio (C:Chl). The first assumption is broadly true as long 
as non-photochemical quenching is minor (likely given the depth of 
the DCM and the observed pattern of maximum fluorescence during 
daylight hours). While the assessment of variability in carbon to chlo-
rophyll ratios in the DCM is beyond the scope of our autonomous 
observations, water samples collected nearby during ship operations 
will ultimately provide information regarding this assumption. Other 
observations in tropical and subtropical oceans have shown gener-
ally weak diel C:Chl variability at the depth of the DCM (e.g., Marra, 
1992; Le Bouteiller et al., 2003; Wang et al., 2009).
For the present, asserting that C:Chl is constant and 
has a value of 50:1 (e.g.,  Cullen, 1982; Cloern et  al., 1995; 
Le Bouteiller et  al., 2003), we arrive at a value of maxi-
mum daily productivity of 1.2 g C m–2 d–1, where the volume- 
specific maximum daily rate has been integrated over the 20 m ver-
tical extent of the DCM. The daylight-averaged productivity, inte-
grated over the same layer, is 0.3 g C m–2 d–1, similar to estimates 
of DCM productivity in other tropical DCMs. The daylight-averaged 
productivity is perhaps more robust than any instantaneous esti-
mate, since it only assumes a constant daily averaged C:Chl ratio, 
rather than the simultaneous production of carbon and chlorophyll 
on short time scales. 
The time and depth distribution of mixing derived from data from the 
temperature microstructure sensor aboard the WW, when combined 
with an average shipboard-derived nitrate-depth relationship (not 
shown), permits a rough comparison between the above-calculated 
Box 1. Observations of the Variability of the Deep Chlorophyll Maximum in the Bay of Bengal
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mixing, is a prerequisite for understand-
ing both regional ocean/atmosphere cou-
pling and the general circulation and bio-
geochemisty of the BoB. 
Our progress toward understanding 
these processes is probably most impeded 
by our lack of observations on the appro-
priate spatiotemporal scales. Although 
there is a robust history of oceano-
graphic exploration in the BoB region, 
and increasing efforts by local nations to 
conduct both regular shipboard surveys 
and prolonged time-series observations 
at open-ocean moorings, observation 
of small-scale, rapidly evolving physical 
processes remains a difficult measure-
ment problem, requiring intense obser-
vational effort (see MacKinnon et  al., 
Shroyer et al., and Sarkar et al., 2016, all 
in this issue).
This article provides an overview of 
upper-ocean variability in the BoB from 
the point of view of a rapidly profiling 
vehicle deployed from R/V Roger Revelle 
that drifted in a cyclonic mesoscale 
eddy during the 2015 southwest mon-
soon (August 29 to September 11, 2015). 
Equipped with a variety of sensors, the 
profiler followed the mesoscale flow while 
making rapid cycles to 105 m depth. In 
all, 2,414 profiles with an average repeat 
rate of ~7.5 min were collected, resulting 
in a unique 13-day record of the evolu-
tion of the upper ocean from a mesoscale 
stream-wise perspective. The record elu-
cidates the characteristics of the mixed 
FIGURE  B1. Diel variability in the Bay of Bengal deep chlorophyll maximum 
(DCM). (A) Surface irradiance, measured at a nearby air-sea flux mooring, shows 
the daily variability of shortwave radiation during the first ~3 days of Wirewalker 
drift. (B) On-isopycnal chlorophyll fluorescence, projected onto depth, demon-
strates the large vertical excursions of the DCM with the internal tide as well as 
daily variability in its chlorophyll concentration. Observing DCM chlorophyll inten-
sity in a density-following frame of reference eliminates variability due to vertical 
internal wave heaving. (C) A canonical 24 h time series of chlorophyll variability 
was calculated from the median chlorophyll value across the 21.0 σt and 22.8 σt 
density range, producing a “typical” 24 h cycle. A harmonic fit to that canonical 
time series shows the dominance of the diel cycle in chlorophyll, with a maximum 
rate of change coincident with maximum surface irradiance. The rapid temporal 
cycling implies tight coupling between DCM autotrophs and heterotrophs, and 
the dominance of recycled nutrients over primary production there. 
productivity rate and that of “new” productivity due to 
nitrate flux into the DCM, where the quantity of interest is 
the vertical divergence of nitrate flux. There is some pos-
sibility that the DCM in the BoB is at times nitrate-limited, 
as the depths that coincide with the DCM have a range of 
values between 0 to ~3 μmol NO3 L
–1. We can estimate 
flux divergence of nitrate at the DCM using a diffusivity 
of 10–6 m2 s–1 derived from the WW data (Figure 5) and 
a vertical nitrate gradient of ~3 × 10–4 g N m–5 based on 
a bay-wide, 64-cast survey of nitrate concentrations with 
depth yields 2 mg N m–2 d–1 of nitrate input into a 20 m 
thick DCM per day. This number is roughly an order of 
magnitude smaller than the daylight- averaged demand of 
50 g N m–2 d–1 calculated from the diel change in chloro-
phyll fluorescence with a Redfield ratio C:N conversion of 
6.6:1. It is, however, perhaps a reasonable lower bound 
of the background new production at the DCM during 
quiescent periods (a Redfield-scaled new production rate 
of ~15 mg C m–2 d–1). Episodic events such as cyclones, 
advection by eddies and submesoscale instabilities 
(e.g., Figure 5, Period II), and along-isopycnal mixing may 
account for much of the total bay-wide new production 
(just as they presumably account for much of the water 
mass modification in the basin). Nevertheless, the strong 
stratification and weak mixing captured here is suggestive 
of an efficiently recycled community in the DCM (see also 
Sarma et al., 2016, in this issue). 
Taken together, these observations suggest that the 
DCM, while perhaps a relatively weak sink for carbon in 
an average, one-dimensional sense, is a vibrant, tightly 
linked community of autotrophs and heterotrophs capable 
of rapid biochemical transformations. As the number and 
quality of concurrent measurements of physical and bio-
geochemical proprieties and rates increase, much more 
about these important communities, and their contribution 
to the global carbon cycle, is likely to be learned.
Sh
or
tw
av
e
ra
di
at
io
n
(W
 m
–2
)
0
500
1,000
Day (from midnight IST, 29-Aug-2015)
D
ep
th
 (m
)
45
55
65
75
85
Ch
lo
ro
ph
yl
l
u
or
es
ce
nc
e 
(μ
g 
L–
1 )
0.50
1.25
2.00
a
b
Hours (canonical day)
0 6 12 18 24
Ch
l 
uo
re
sc
en
ce
 a
no
m
al
y
(μ
g 
L–
1 )
–0.2
0.0
0.2
 d
(C
hl
 F
)/
d t
(μ
g 
L–
1  h
r1
)
–0.10
–0.05
0.00
0.05
0.10
 S
W
 ra
di
at
io
n 
(n
or
m
al
iz
ed
) 
–1.0
–0.5
0.5
1.0
0.0
c
Surface SW radiation
Chl a median 
Chl a harmonic t
Chl a derivative
1.0 1.5 2.0 2.5 3.0 3.5 4.0
Oceanography |  Vol.29, No.2138
layer, the near-surface halocline, the 
barrier layer, and the upper portion of 
the continuously stratified thermocline. 
Furthermore, the observations permit 
quantitative assessment of salt and heat 
fluxes in a temporally continuous frame-
work, and show the importance of both 
local and nonlocal sources of variability 
in those fluxes. Ultimately, we expect that 
these types of observations will improve 
air-sea coupling in prognostic models of 
the monsoon in South Asia. 
THE ASIRI WIREWALKER
The Wirewalker (WW; see photo on 
title page) is a profiling vehicle devel-
oped at the Scripps Institution of 
Oceanography (Rainville and Pinkel, 
2001; Pinkel et  al., 2011; Smith et  al., 
2012; http://www.delmarocean.com). Its 
motive force is provided by the surface 
wind-wave field, which drives the vehi-
cle and sensor package down a wire sus-
pended from a surface buoy. At the limit of 
the profiling range, the vehicle is mechan-
ically decoupled from the wire, and it 
rises smoothly toward the surface under 
its own buoyancy. Because no onboard 
energy is required for profiling, extended 
deployments are possible. A ~50 kg (in 
air) instrument and battery payload 
enable continuous sampling of a range 
of ocean properties, including tempera-
ture and salinity, bio-optical variability 
and dissolved oxygen saturation, turbu-
lent dissipation rate, and velocity profiles. 
For example, on the 13-day deploy-
ment described here, temperature, salin-
ity, pressure (RBR CTD), dissolved oxy-
gen (Alec Electronics RINKOIII oxygen 
optode), and three bio-optical channels 
(Turner Designs Cyclops 7 chlorophyll 
a fluorescence, chromophoric dissolved 
organic material [CDOM] fluorescence, 
and turbidity) were sampled continu-
ously at 6 Hz. Horizontal currents were 
sampled continuously at 16 Hz (Nortek 
Aquadopp II), and microstructure tem-
perature and vehicle acceleration were 
recorded continuously at 100 Hz (Oregon 
State University χpod; Moum and Nash, 
2009). The total drift data set consists of 
greater than 600 million individual obser-
vations. For analysis, quantities in individ-
ual profiles were decimated to 25 cm ver-
tical resolution from 2 m to 105 m depths.
We deployed the WW in the central 
region of a poorly structured cyclonic 
mesoscale eddy (Figure  1), in associa-
tion with an autonomous SOLO-II float 
(χSOLO; see Shroyer et al., 2016, in this 
issue). Over two weeks, the eddy became 
increasingly organized, and correspond-
ingly, the mesoscale velocities accel-
erated. The predominant near-surface 
property variability in the area was a 
northeast-to-southwest-trending, 100 km 
wide region of low salinity (as shown by 
shipboard surveys, Figure  1) that was 
entrained between the cyclonic eddy to 
the south and a strong anticyclonic eddy 
to the northwest, but not fully aligned 
with the evolving mesoscale streamlines. 
This mismatch of mesoscale streamlines 
and near-surface lateral salinity variabil-
ity resulted in a WW trajectory that fol-
lowed the average mesoscale velocity over 
the upper 100 m, cutting through a num-
ber of regions of small-scale lateral vari-
ability in the surface ocean (Figure  1). 
The relative motion allowed an assess-
ment of the degree of decoupling between 
the upper ocean and waters below for a 
number of different upper-ocean strat-
ification regimes, atmospheric forcing 
types, and degrees of near-surface lateral 
stratification, while concurrently tracking 
FIGURE 1. Mesoscale conditions in the northern Bay of Bengal during the 13-day Wirewalker (WW) drift. (a) The sea surface height (SSH) 
field shows the large cyclonic feature occupying the northern portion of international waters on September 8, 2015, after the feature had 
become well organized (see text). The WW followed the evolving mesoscale conditions over its 260 km drift, crossing several near-surface 
fronts (as seen by the near-surface salinity gradients along the WW track). At the conclusion of the 2015 southwest monsoon field operations, 
we occupied a 650 km section across the cyclonic eddy (blue line) with a rapid profiling shipboard survey system (the Scripps Institution of 
Oceanography Fast CTD). (b) Salinity in the upper 50 m shows the northeast/southwest-trending low-salinity feature north of the eddy cen-
ter, and west-to-east transport of low-salinity waters south of the eddy center. These patterns in upper-ocean salinity were echoed by vari-
ability in upper-ocean temperature (c), illustrating the strong lateral variability in heat content during the southwest monsoon. The red lines 
(left panel) and blue lines (right panel) indicate the boundaries of the regional Exclusive Economic Zones (EEZs).
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the time evolution of the stratified inte-
rior stream-wise along the eddy trajec-
tory. This combined, concurrent, and 
continuous record of temperature, salin-
ity, velocity, shear, and turbulent micro-
structure is among the first of its kind in 
the region (see Shroyer et al., 2016, in this 
issue, for another example).
STRATIFICATION, SHEAR, AND 
UPPER-OCEAN DECOUPLING
Stratification
The near-surface stratification during 
the drift was dominated by salinity gra-
dients, with mixed layer salinity values 
below 30 psu throughout (Figure  2a). 
The main thermocline began at approx-
imately 50 m depth and continued 
through 150 m depth (Figures 1 and 2b). 
The two regions of strong stratification 
were separated by a 20 m thick, relatively 
homogenous barrier layer of approxi-
mately 32 psu and 29°C (Figure 2a,b). For 
most of the record, the barrier layer regis-
tered the maximum temperature in each 
profile, reflecting the presence of a verti-
cal temperature inversion. This was par-
ticularly apparent in the latter portion of 
the record, where the surface temperature 
was nearly 1.5°C cooler than that at 30 m 
depth (Figure  2b). The rapid changes in 
near-surface stratification, for exam-
ple, at day 8.5 (Figure  2b), were associ-
ated with the WW drift crossing shal-
low surface fronts with scales of <10 km. 
These fronts, although relatively strong 
in terms of lateral density gradient (up to 
0.5 kg m–3 over 10 km), were also partially 
temperature- compensated, implying a 
good deal of lateral SST gradient. These 
lateral gradients in SST were on the order 
of 1°C to 1.5°C (Figures 1b,c and 2b), per-
haps not coincidentally similar to the ver-
tical gradient between SST and the bar-
rier layer below. Although the role lateral 
SST variability plays in small-scale air-sea 
interactions in the BoB is at present poorly 
characterized, one consequence is that it 
renders one-dimensional models ineffec-
tive at predicting Eulerian measurements 
of SST gathered at long-term moorings 
(Sengupta and Ravichandran, 2001).
Mixed layer depth changed signifi-
cantly over the course of the drift, from 
~30 m depth in the center of the eddy to 
<10 m depth during the frontal cross-
ing on day 8.5 (Figure 2a,b). The barrier 
FIGURE 2. Along-track time series of (a) temperature, (b) salinity, and (c) chlorophyll fluorescence from the Wirewalker profiler. 
Black (white) isolines of constant density separated by 0.2 kg m–3 are shown in each panel. A barrier layer of a relatively con-
stant T-S (temperature-salinity) composition was present throughout the drift, centered at 40 m depth. The upper-ocean stratifica-
tion was dominated by salinity; the misalignment of the lateral salinity gradients near the surface and the mesoscale flow allowed 
the WW to cross a number of near-surface fronts, in particular, centered on day 8.5 (discussed in the text). Chlorophyll fluores-
cence, in particular the fine-scale structures apparent between 90 m and 100 m depth, which were coherent over days and over 
>100 km distance, demonstrate the weak mixing in the thermocline over the course of the drift. Period I and Period II, noted with 
overbars, are discussed in the text.
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layer, however, changed relatively little in 
terms of depth, extent, or characteristic 
temperature and salinity, with the notable 
exception of below the front on day 8.5 
(see the following section). The thermo-
cline and waters below also demonstrated 
very little variability outside of verti-
cal displacements associated with the 
internal tide. Taken as a whole, a quali-
tative picture emerged of a highly vari-
able but shallow surface boundary layer 
(< ~30 m) overlying a barrier layer and 
a quiescent interior. 
Shear
The WW ascends to the surface decou-
pled from the wavefield that propelled 
it downward, and thus is a stable plat-
form for collection of vertically well- 
resolved currents, velocity shear, and tur-
bulent microstructure. GPS and Iridium 
telemetry tracked the WW so that the 
currents as measured relative to the pro-
filer could be transformed to a frame of 
reference relative to Earth. The observa-
tions collected during this drift showed 
some salient features of the flow field, 
in particular with regard to the relative 
lack of coupling between near-surface 
and deeper waters.
The mesoscale velocity field and 
semidiurnal internal tide (Figure  3a) 
dominated the depth-mean velocity (over 
the 105 m profile length). Neither class of 
motion contributed in an obvious way 
to vertical shear in velocity, which was 
instead dominated by the near-inertial 
band early in the record, and, seemingly, 
by the strong lateral gradients observed 
in the second half of the record.
Near-inertial variability is one of 
the primary pathways of oceanic mix-
ing, owing to its characteristically strong 
shear (e.g.,  Alford, 2003). During this 
drift, near inertial oscillations reaching 
velocities >40 cm s–1 were present in the 
mixed and barrier layers (Figure  3b,c). 
Below, bands of near-inertial variabil-
ity with upward phase propagation (and 
therefore downward energy propaga-
tion) were apparent in the thermocline, 
particularly at the beginning of the drift 
(days 0 to 4; Figure 3b,c).
Near-inertial variability is typically 
modeled schematically as an oscillat-
ing mixed layer slab near the surface 
and vertically radiating near-inertial 
FIGURE 3. Along-track time series of (a) depth-mean meridional and zonal velocities, (b) depth-dependent meridional veloci-
ties, and (c) depth-dependent zonal velocities from a single point current meter affixed to the Wirewalker profiler. Depth-mean 
velocities were dominated by the mesoscale and semi diurnal fluctuations associated with a propagating low-mode internal tide. 
Depth-dependent velocities, and thus shear, showed the imprint of energetic near-inertial oscillations with upward phase propa-
gation in the thermocline. Near-inertial shear was enhanced at the base of the mixed layer but not at the interface between the 
barrier layer and the stratified interior. This decoupling between the upper ocean and the thermocline may be due to the charac-
teristic two (or more) layer stratification of the Bay of Bengal.
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(c) Zonal depth-dependent velocity
0 84 122 106
Days from noon UTC, 29-August-2015
D
ep
th
 (m
)
D
ep
th
 (m
)
Ve
lo
ci
ty
 (m
 s
–1
) Meridional velocity
Zonal velocity
N
or
th
 v
el
oc
ity
 (m
 s
–1
)
Ea
st
 v
el
oc
ity
 (m
 s
–1
)0
50
100
0
50
100
0.5
0.0
–0.5
0.2
0.1
0.0
–0.1
–0.2
–0.3
0.2
0.1
0.0
–0.1
–0.2
–0.3
(a) Depth-mean velocity
Oceanography  |  June 2016 141
waves below. Shear is elevated at the 
base of the mixed layer and at intervals 
of the near-inertial vertical wavelength 
at depth. Energy that is not lost to shear-
driven mixing locally can propagate into 
the abyssal ocean. 
The observations of shear gath-
ered during the WW drift suggest a 
potentially intriguing modification to 
this schematic understanding for sys-
tems such as the BoB, which are char-
acterized by multi-layer stratification. 
The near-inertial oscillations in the 
mixed and barrier layers were 180° out 
of phase (thus creating strong shear at 
the mixed layer base), but the same was 
not true between the barrier layer and 
the continuously stratified thermocline 
(Figures 3b,c and 4a; note, for example, the 
difference in meridional velocity between 
20 m and 40 m depth and 40 m and 60 m 
depth). The suggestion is that the barrier 
layer was also responding as a slab to near- 
inertial motions, but, while shear was ele-
vated at the base of the mixed layer, it 
was not elevated at the base of the barrier 
layer. If broadly true, this asymmetry in 
shear might help explain the tendency 
for the BoB to have weak turbulent mix-
ing (see also Shroyer et  al., MacKinnon 
et al., and Jinadasa et al., 2016, all in this 
issue), and to form a consistent barrier 
layer-type upper-ocean stratification in 
the face of major lateral gradients, while 
simultaneously isolating the thermocline 
from property exchange with the venti-
lated surface layers (see Johnston et  al., 
2016, in this issue for further discussion 
of near-inertial-variability in the BoB).
FIGURE 4. (a) Vertical squared-shear, (b) buoyancy frequency, and (c) inverse Richardson number (Ri) calculated from Wirewalker pro-
filer data. This parameterization of the water column’s susceptibility to shear-driven mixing is broadly consistent with the patterns of 
the magnitude of the diffusivity of heat as estimated from microstructure temperature recorded onboard the Wirewalker. In particular, 
the importance of near-surface stratification to the depth of the actively mixing mixed layer is apparent in both Ri and dissipation rate of 
turbulent kinetic energy (not shown) and diffusivity of heat (KT). The correspondence between KT and Ri in the thermocline during near- 
inertial shear events highlights the consistency of these independent observations.
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Mixing, Barrier Layers, and 
Upper-Ocean Decoupling
The susceptibility of a stratified water 
column to destabilization by vertical 
shear can be parameterized by the gradi-
ent Richardson number (Ri). This unit-
less number is a ratio of the local buoy-
ancy frequency (N 2) to the squared 
vertical shear (S2). Over the course of the 
WW drift, S2 was at a maximum at the 
base of the mixed layer and in upward- 
propagating bands in the thermocline, 
both of which were driven by near- 
inertial variability. Stratification, and 
therefore N 2, displayed two- and three-
layer vertical structure (days 0–8.5 and 
days 8.5–13, respectively). 
The WW was equipped with a χpod 
microstructure temperature sensor, which 
captures temperature variance in the iner-
tial and viscous convective subranges 
(Moum and Nash, 2009). These measure-
ments can in turn be used to estimate 
the dissipation rate of turbulent kinetic 
energy (not shown) and diffusivity of heat 
(KT). A comparison of the distribution of 
Ri and KT along the WW drift shows a 
broad correspondence. While both quan-
tities are inversely proportional to stratifi-
cation, microstructure measurements are 
independent from measurements of verti-
cal shear on “large” (i.e., meter and larger) 
scales. Thus, the suggestion that shear 
associated with near-inertial waves may 
drive elevated mixing in the thermocline, 
inferred from the presence of supercritical 
Ri numbers (shown as regions of warm 
colors in Figure 4c), was borne out inde-
pendently by estimates of mixing from 
microstructure temperature (Figure 4d). 
Weak stratification led to elevated mix-
ing rates in the mixed layer, even in the 
presence of little near-inertial shear. Both 
Ri number analysis and diffusivity esti-
mates showed the importance of changes 
in mixed layer depth associated with lat-
eral gradients in salinity stratification to 
the vertical extent of near-surface mixing. 
Both also supported the hypothesis that 
shear-driven mixing found at the base of 
the mixed layer was absent from the inter-
face of the barrier layer and the thermo-
cline below, indicating decoupling of the 
near-surface in the BoB from the interior.
VERTICAL FLUXES WITHIN THE 
BARRIER LAYER: A ROLE FOR 
SUBMESOSCALE FRONTS? 
The 2,414 profiles of temperature micro-
structure and temperature and salin-
ity fine structure gathered over a 13-day 
period allowed for quantitative character-
ization of the vertical fluxes of heat and 
salt. These fluxes were on average very 
small in the mixed layer as well as in the 
barrier layer and the thermocline below. 
For example, deployment-averaged heat 
fluxes were only ~2 W m–2 in the mixed 
layer, <1 W m–2 in the barrier layer, and 
gradually increased to −5 W m–2 at 100 m 
depths (data not shown). Thermocline 
diffusivities averaged 10–6 m2 s–1 below 
the barrier layer and not much higher at 
and above it (below the surface mixed 
layer). That is, during this particular aver-
age of southwest monsoon conditions, 
mixing rates were below typical ocean 
values (~10–5 m2 s–1), and the fluxes were 
correspondingly small. There appeared 
to be one slight modification to that 
background state, which is illustrated in 
Figure 5. The interior heat fluxes reported 
here are small compared to atmospheric 
fluxes, suggesting that (1) the mixed layer 
responds directly to atmospheric forc-
ing on a daily cycle with little internal 
redistribution of heat by turbulence (see 
Shroyer et  al., 2016, in this issue, for a 
discussion of diurnal heating dynamics), 
(2) lateral advective processes are import-
ant in redistributing heat, or (3) interior 
mixing occurs in isolated, intense events, 
such as beneath the front that was sam-
pled here, which is spatially localized but 
persistent in time, or other nonlinear fea-
tures such as the bore reported in Sarkar 
et al. (2016, in this issue). 
The Barrier Layer and 
the Dynamics Above 
It is instructive to compare segments of 
the WW record over the course of the 
drift from the perspective of heat and 
salt fluxes. The first period (days 0.5–2.5, 
indicated as an overbar in Figure 2a) was 
collected within the forming core of a 
cyclonic eddy, and was characterized by a 
deployment-maximum mixed layer depth 
of 30 m. In contrast, the second period 
(days 8–10; also indicated with an over-
bar in Figure 2a) coincided with a cross-
ing of a strong lateral gradient in salin-
ity and a deployment-minimum in mixed 
layer depth. The two periods bridged an 
active phase of the southwest monsoon 
(south-southwest winds at 5–8 m s–1; 
wind stress of 0.1–0.3 N m–2) and a break 
phase (westerly winds under 5 m s–1; 
wind stress <0.1 N m–2; Figure 5a).
Forty-eight-hour average mixed 
layer heat fluxes in Period I were small 
(−1.5  W  m–2, where the sign conven-
tion is negative for downward heat flux; 
Figure  5d), with a clear signal of diur-
nal heating and cooling that was essen-
tially balanced over a daily cycle (see 
 “We expect that the quantitative assessment of these mechanisms will ultimately provide better prediction of sea surface temperature and the 
associated air-sea coupling over the Bay of Bengal, 
yielding increased fidelity in monsoon weather 
forecasting for South Asia.
”
. 
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Shroyer et  al., 2016, in this issue). The 
surface boundary layer had diffusivities 
of ~10–4 m2 s–1 and greater (Figure  5d), 
rapidly tapering off across the base of the 
surface layer and into the barrier layer. 
Thermocline diffusivities were gener-
ally <10–6 m2 s–1. Instantaneous down-
ward heat flux associated with bands of 
near-inertial shear was of similar mag-
nitude to the downward heat flux during 
the heating portion of the diurnal cycle, 
although the integrated near-inertial 
heat flux was far less than the integrated 
atmospheric fluxes. Salt flux was weak 
and peaked at the base of the mixed layer.
In contrast, the patterns of 48-hour- 
averaged heat and salt fluxes during 
Period II were quite different. Shallow 
salinity stratification after the front 
crossing on day 8.5 led to a shallow 
mixed layer, with diffusivities dropping 
off rapidly below 10 m (contrast diffu-
sivities in Periods I and II in Figure 5d, 
left-hand panel). Temperature and 
FIGURE  5. A comparison of fluxes 
between a region with a relatively 
deep mixed layer in the central part of 
a poorly organized cyclonic eddy and 
a region of strong lateral gradients and 
shallow mixed layers along the eddy 
edge. The two regions were sampled 
during the active phase (Period I) and 
inactive phase (Period II) of the south-
west monsoon, as reflected by the 
wind stress and direction (a). Away 
from the mixed layer, diffusivities were 
weak, falling below 10–6 m2 s–1 deeper 
than 40 m (in 48 h averages, left panel 
in (d)). While the barrier layer was 
quiescent during Period I (and most of 
the drift), elevated diffusivities in the 
barrier layer were observed coinci-
dent with the region of maximum lat-
eral stratification (Period II). An inter-
esting hypothesis is that ageostrophic 
processes associated with the front 
drove fluxes in the barrier layer, even 
as those same processes, by convert-
ing lateral variability into vertical strat-
ification, are ultimately responsible for 
the barrier layer, and thus the degree of 
decoupling between the near-surface 
and the thermo cline and below.
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salinity gradients were large at the base 
of the mixed layer, and the correspond-
ing estimated fluxes of those quanti-
ties were elevated, reaching >6–8 W m–2 
and >5 × 10–6  kg  m–2 s–1 for heat and 
salt fluxes across the mixed layer base, 
respectively. The near-surface heat flux 
(5 W m–2) was of the opposite sign to 
that measured in Period I. The strong, 
ageostrophic shear associated with the 
frontal dynamics around day 8.5 appar-
ently contributed to this elevated mixing 
(see the instantaneous heat flux estimates 
around this time; Figure 5c).
Below the mixed layer, the story 
in Period II continued to deepen. 
Diffusivities in the barrier layer (centered 
on 40 m depth) are an order of magnitude 
higher than those during Period I (and 
remain elevated into the thermocline; 
Figure 5d). This was the case despite the 
weaker wind forcing (Figure 5a), relative 
paucity of near-inertial shear (Figure 3), 
weak internal tides (Figure  3), and rel-
atively stronger stratification above 
(Figure  2). Although speculative, there 
appears to be a link between the pro-
cesses associated with the narrow front in 
the very near surface and the barrier layer 
below, a feature that is in general resis-
tant to the typical sources of open-ocean 
mixing in low latitudes. Thus, potentially, 
much of the (weak) exchange that occurs 
between the upper layers of the BoB and 
the barrier layer/thermocline may occur 
at sharp lateral gradients, even as those 
lateral gradients, and the processes they 
drive, are ultimately responsible for the 
particularly strong, multilayer stratifica-
tion of the BoB. 
CONCLUSIONS
Co-located time series of tempera-
ture, salinity, velocity, optical proper-
ties, and turbulent microstructure mea-
surements collected on board a drifting 
wave-powered profiler elucidated the 
patterns of upper-ocean variability and 
vertical heat and salt fluxes in the Bay 
of Bengal. Upper-ocean stratification 
was dominated by salinity, which is ulti-
mately derived from freshwater input 
at the boundary of the basin and from 
the atmosphere. Turbulent exchanges 
between the upper ocean and the strat-
ified interior were generally weak, with 
heat fluxes typically <1 W m–2 passing 
through the stratified barrier layer. Near-
inertial shear was elevated at the base of 
the mixed layer but not between the bar-
rier layer and the continuously stratified 
interior. This suggests that multi-layer 
stratification may dampen the capacity of 
near-inertial oscillations to drive vertical 
exchange in the upper ocean in salinity- 
structured systems such as the BoB. The 
only evidence of significant exchange 
across the barrier layer occurred below a 
strong front, during which time-averaged 
heat fluxes exceeded 5 W m–2. Similarly, 
the sign of the surface mixed layer heat 
flux changed from negative (downward) 
to positive (upward) in the vicinity of 
the front. This suggests that dynamics 
specific to sharp, small-scale fronts may 
be important to the vertical redistribu-
tion of properties in the Bay of Bengal, 
even through and below the barrier layer. 
The same dynamics may also control the 
redistribution of horizontal salinity gra-
dients and establishment of the salin-
ity stratification that constrains ocean- 
atmosphere interactions to the very near 
surface. We expect that the quantitative 
assessment of these mechanisms will ulti-
mately provide better prediction of sea 
surface temperature and the associated 
air-sea coupling over the Bay of Bengal, 
yielding increased fidelity in monsoon 
weather forecasting for South Asia. 
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